Correct wiring of the nervous system requires guidance cues, diffusible or substrate-bound proteins that steer elongating axons to their target tissues. Netrin-1, the best characterized member of the Netrins family of guidance molecules, is known to induce axon turning and modulate axon elongation rate; however, the factors regulating the axonal response to Netrin-1 are not fully understood. Using microfluidics, we treated fluidically-isolated axons of mouse primary cortical neurons with Netrin-1 and characterized axon elongation rates, as well as the membrane localization of deleted in colorectal cancer (DCC), a well-established receptor of Netrin-1. The capacity to stimulate and observe a large number of individual axons allowed us to conduct distribution analyses, through which we identified two distinct neuron sub-populations based on different elongation behavior and different DCC membrane dynamics. Netrin-1 reduced the elongation rates in both sub-populations, where the effect was more pronounced in the slow growing sub-population. Both the source of Ca 2+ influx and the basal cytosolic Ca 2+ levels regulated the effect of Netrin-1, e.g., Ca 2+ efflux from the endoplasmic reticulum due to the activation of Ryanodine channels blocked Netrin-1-induced axon slowdown. Netrin-1 treatment resulted in a rapid membrane insertion of DCC, followed by a gradual internalization. DCC membrane dynamics were different in the central regions of the growth cones compared to filopodia and axon shafts, highlighting the temporal and spatial heterogeneity in the signaling events downstream of Netrin-1. Cumulatively, these results demonstrate the power of microfluidic compartmentalization and distribution analysis in describing the complex axonal Netrin-1 response.
Introduction
A critical aspect of nervous system development and regeneration is the accuracy in the direction and rate of growth of individual axons. 1 The leading tip of an axon is terminated with a growth cone, a highly dynamic, amoeboid structure, sensing and probing the environment for physical and biochemical guidance cues. The growth cone is capable of adjusting the axonal progression according to the guidance cues it encounters on its way. Upon receiving the signal, the growth cone remodels itself by reorganizing its microtubules and actin filaments (F-actin), essential components of the neuronal cytoskeleton. 2 As a result, the axon may be attracted to or repelled form the source of the guidance cue, the growth cone may collapse, or the axon elongation rate may change. 3 Biochemical guidance cues can be either substrate-bound or soluble, affecting the axons either locally or over long distances. [4] [5] The major guidance cue families are Slits and Semaphorins (repellent), Ephrins (attractant) and Netrins. 4 Netrin-1, the best characterized member of the Netrins family, acts not only as a guidance molecule but also as a growth factor. Early studies established Netrin-1 as an attractive guidance cue. However, later studies have shown that depending on the context, it can also act as a repellent. 6 The origin, age and developmental stage of neurons have a profound effect on how they respond to Netrin-1. 7 Projecting axons are intended to reach different targets; therefore, even within the same neuronal subtype, growth cones can respond differently to the same guidance cue. This discrepancy has been observed in various in vitro studies. [8] [9] [10] Furthermore, the growth cone has to be able to change its responsiveness to Netrin-1, leave the formerly attractive region of its intermediate target and continue growing towards its ultimate target. 7, 11 For example, in the developing rat brain, commissural axons that are attracted by the floor plate cells secreting Netrin-1 lose their responsiveness to Netrin-1 after crossing the midline. 12 The same guidance molecule that initially drew the axon in is now perceived neutral or even as a repellent. 13 This suggests that neurons have a particular flexibility such that they can switch their response to Netrin-1 according to intrinsic or extracellular conditions. Taken together, these studies show that neuronal response to Netrin-1, even within the same neuronal subtype, is inherently heterogeneous. At the molecular level, Netrin-1-induced axon growth depends on many, interdependent factors including the type and density of Netrin-1 receptors, 14 the initial level of the intracellular Ca 2+ concentration ([Ca 2+ ] i ), [15] [16] the source and extent of the Ca 2+ influx, 17 and the ratio of cyclic nucleotides: cyclic adenosine monophosphate (cAMP) and cyclic guanosine monophosphate (cGMP). 15, 18 Netrin-1 interacts with three transmembrane receptor families: Deleted in Colorectal Cancer (DCC), 19 Uncoordinated 5 (UNC-5), 20 and Down Syndrome Cell Adhesion Molecule (DSCAM). 21 However, the presence of additional co-receptors cannot be excluded. Netrin-1 changes the conformations of its receptors, which can then form complexes that induce attraction (DCC/DCC; DSCAM/DSCAM) or repulsion (DSCAM/UNC-5; DCC/UNC-5). [22] [23] Downstream of the receptors the information is relayed to Ca 2+ and cAMP/cGMP second messenger systems. 24 Exposing a growth cone to a concentration gradient of attractive or repulsive guidance cue induces an asymmetric elevation of [Ca 2+ ] i , 11 where the initial level and source of Ca 2+ regulate the response to Netrin-1. [16] [17] The attractive signaling involves activation of two plasma membrane cation channels, transient receptor potential cation channel subfamily C (TRPC) and L-type voltage-dependent Ca 2+ channel (LVDCC), as well as the release of Ca 2+ from the endoplasmic reticulum (ER) through ryanodine channels (RyRs). 11 Additionally, if [Ca 2+ ] i is high enough, RyRs mediate Ca 2+ -induced Ca 2+ release (CICR). 25 In the case of Netrin-1-induced repulsion, Ca 2+ efflux originates from the activation of TRPC1 only; LVDCCs and RyRs are inhibited, and CICR does not take place. 26 The activity of Ca 2+ channels, in turn, is modulated by cyclic nucleotides. Accordingly, Netrin-1 induces attraction or repulsion through the elevation of cAMP or cGMP levels, respectively. 11, 18 Furthermore, second messengers regulate the insertion of receptors to the plasma membrane, which may lead to changes in the axonal response to Netrin-1. 27 Although intensively studied, the complex mechanisms underlying these processes are not fully understood.
Spatial isolation of axons from cell bodies was first achieved by placing a Teflon pad over a scratched tissue culture dish to study the local response of axons to nerve growth factor. 28 A microfluidic device has recently been developed that connects two separate chambers, somatic and axonal, with parallel microchannels that permit the passage of neurites but not somata. 29 A range of microfluidic devices has since been developed for various neurobiological applications. 30 Microfluidic devices facilitate studying neuronal response to guidance cues at single cell or even subcellular levels. This level of detail is typically impeded in the traditional culture systems, where growth cones, axons, and cell bodies not only are in physical contact but also interact with each other chemically. This complex and dynamic microenvironment makes it extremely difficult to elucidate the pathways activated by a particular guidance molecule. Furthermore, culturing neurons in these two-compartmental microfluidic devices allow obtaining a large number of technical replicates, reducing the number of cells required and the experimental workload.
Axon guidance is typically studied by monitoring the turning of individual axons in the presence of a concentration gradient. Traditionally, the gradient has been generated by locally dispensing a concentrated solution using a micropipette. 9, 24 The introduction of microfluidic devices enabled the generation of stable gradients, whose profile can be precisely controlled. [31] [32] [33] The role of Netrin-1 as a growth factor is rarely the main research objective; it is usually investigated to support turning assay results. Elongation assays measure either the elongation rate or the final length of single axons (dissociated neurons), 9, [34] [35] or the total or mean length of axon bundles (explants). 21, [36] [37] Recently, Bhattacharjee et al. performed a more thorough analysis of axonal growth dynamics in response to Netrin-1 concentration gradient, based on a small sample of 11 neurons. 38 In this paper we describe the use of a microfluidic device for characterizing the elongation behavior of primary mouse cortical axons in response to isolated Netrin-1 treatment, and the role of Ca 2+ as a second messenger in Netrin-1 signaling. Moreover, we describe how Netrin-1 affected the localization of its receptor, DCC, on the plasma membrane. Our model system facilitated the treatment and tracking of numerous growth cones simultaneously. Remarkably large numbers of events (> 100), obtained for each experimental condition, allowed us to analyze the distribution of axon velocities and DCC staining intensities. Based on these parameters, we categorized neurons into two sub-populations which responded differently to Netrin-1.
Results and Discussion
Isolated treatment of axons with Netrin-1 results in dosedependent axon retardation. Neurons survived in the twocompartmental microfluidic devices ( Fig. 1 and S1) for at least 11 days in vitro (DIV). Axons, but not somata, crossed through the 300 µm long microchannels, entered the axonal compartment within 3-4 DIV, and reached its half width within 5-6 DIV ( Fig. 1 ). This culturing system facilitated not only the spatial isolation of axons and somata but also allowed focusing on a particular developmental age by controlling the length of the microchannels. Furthermore, microfluidics provided the fluidic isolation of the two chambers for at least 4 h, as demonstrated by the exclusion of the fluorescent tracer 70 kDa RITC-Dextran whose molecular weight matches that of Netrin-1 ( Fig. 1F-H) . Creating separate microenvironments for axons and somata provided a better reflection of the in vivo condition, where cell bodies are hundreds of microns away from the tips of elongating axons and are exposed to different concentrations of guidance cues. 39 Additionally, the axonal response to Netrin-1 can be investigated without the contribution of molecules secreted by other cell bodies, i.e., it has been shown that cortical neurons express Netrin-1, 37 and that the basal levels of Netrin-1, as low as 0.5 ng/ml, affect the Netrin-1 sensitivities of axons. 40 To determine how cortical axons respond to local Netrin-1 treatment, we exposed the axons to varying concentrations of Netrin-1 and measured their elongation rates through time lapse imaging. Velocity vectors of individual axons were determined from the initial and final positions of their growth cones and normalized with the velocities of untreated axons. Our experimental model facilitated the simultaneous stimulation and imaging of over 100 individual axons per circuit, which translates to ca. 1,000 axons per imaging session. As a comparison, elongation rates of tens of axons are typically measured in axon turning studies. For example, micropipette experiments permit probing one growth cone at a time, which translates to 10-30 axons per condition. 18, 24, 35 Furthermore, axon turning experiments usually require the exclusion of slow axons, i.e., axons with an elongation rate below an arbitrarily determined cut-off value, which varies from study to study: 5 µm/h; 22, 35, 38 6.7 µm/h; 24 7 µm/h; 9, 18 7.5 µm/h; 31 10 µm/h. 40 Discarding a group of axons with slow elongation rates, especially for elongation rate measurements, does bias the results. The only axon selection criterion in our experimental model was to have passed through the microchannels, i.e., being longer than ca. 350 µm at the time of the experiment.
Netrin-1 is commonly associated with an attractive turning response in mammalian cortical neurons, whereas, in our hands Netrin-1 had a suppressing effect and decreased the axon elongation rate ( Fig. 2A ). One possible explanation would be that Netrin-1 regulates the axon elongation rate and turning behavior through different mechanisms. 15, 41 Both guidance phenomena, i.e., elongation and turning, are required for the correct navigation of axons to their ultimate targets, and act non-exclusively. Immediate, biased turning depends on the molecular gradient experienced by the growth cone; whereas the elongation rate is modulated by the relative concentrations of a guidance molecule over much longer distances, such as the distance between the growth cones and the somata. 41 The latter mode of control is highly relevant to our experimental model where only axons and not cell bodies are stimulated with Netrin-1. Our axon elongation data is not normally distributed; therefore, we used Kruskal-Wallis test to determine variances and Kolmogorov-Smirnov (K-S) test to compare treatment groups. For the latter, we included Dunn-Sidak p-value correction for multiple comparisons. In our hands, exposure to 0.1 µg/ml Netrin-1 did not result in a significant change in axon elongation (p < 0.05; Fig. 2A ), which is in agreement with earlier studies where low concentrations of Netrin-1 has been shown not to affect axon velocity. 8, 33, 42 Axons treated with 0.5 µg/ml Netrin-1 had a significantly different velocity distribution compared to control group (p < 0.05) and the difference in the velocity distribution became more significant with increasing Netrin-1 concentrations (p < 0.001). The velocity distribution in axons treated with 1.0 and 2.5 µg/ml Netrin-1 were similar to each other suggesting that the response reaches its peak around 1.0 µg/ml and remains constant with increasing Netrin-1 concentration. This concentration threshold is on the higher end of spectrum of Netrin-1 concentrations reported in the literature for dissociated mammalian cortical neurons: 0.05 µg/ml, 37 0.25 µg/ml, 23, 34 and 1.05 µg/ml. 34 The observation that Netrin-1 affected the velocity distributions, as evidenced by the K-S test results, called for a more detailed distribution analysis. The distribution of axon velocities suggests two distinct subpopulations with different Netrin-1 sensitivities. High number of observations facilitated by microfluidics translated to over 1000 axons in the control group and a minimum of 100 axons per experimental condition, allowing for a detailed statistical analysis of the axon velocity distribution. Axon velocities normalized with control values were expressed in data histograms ( Fig. 2B ). Heterogeneity in the axon elongation rate was evident in the control group ( Fig. 2C ). We sought to characterize the axon elongation behavior by fitting the velocity data with a unimodal truncated Gaussian distribution function (tGDF) and a bimodal distribution function, which was the sum of two tGDFs. The bimodal distribution provided a better fit to the data, compared to unimodal distribution, as indicated by the corrected Akaike Information Criterion (AIC c ) 43 and Bayesian Information Criterion (BIC). 44 These model selection criteria introduce penalty terms for the number of parameters in each model and thus prevent over-fitting. The relative likelihood of the bimodal distribution being a better model than the unimodal distribution was 0.999 and 0.850, in a 0-1 scale, based on bimodal AIC and BIC model weights, [45] [46] w bi (AIC c ) and w bi (BIC), respectively, confirming the presence of two neuron sub-populations in the control group (Fig. 2D ). Therefore, in subsequent analyses, coefficients defining the two tGDFs were used to characterize and compare axon subpopulations. Accordingly, the data for axons treated with varying concentrations of Netrin-1 were fit with unimodal and bimodal distributions. To directly compare the velocity distribution histograms with each other, their frequencies (y-axes) were normalized with those of the control dataset such that the total area under each histogram was the same. Two distinct sub-populations were identified for all Netrin-1 concentrations except for 0.1 µg/ml (Table S1 ). The larger (slow) sub-population, consisting of 57% -62% of the axons, slowed down in response to 0.5 µg/ml Netrin-1 (22% decrease from control velocity). This effect was more pronounced for increasing Netrin-1 concentrations (41% decrease from control velocity for 1.0 µg/ml and above) ( Fig. 2E ). The Velocity of cortical axons decreases with increasing concentration of Netrin-1 (Net-1). A. The relative cumulative frequency plots of normalized axon velocity for varying Netrin-1 concentrations. The inset shows the box plots for increasing concentration of Netrin-1 (Net-1). Red markers show the outliers and yellow bars show population means. Kruskal-Wallis test (p < 0.05) followed by K-S test (* p < 0.05, ** p < 0.001). N > 100 axons per condition. B. Velocity distribution histograms of the same dataset. C. Examples of control axons with similar morphology in the same imaging frame exhibiting different elongation rates as shown by their positions in the initial (left) and final time points (right). White and yellow arrowheads mark initial and final positions of these growth cones, respectively. Scale bar = 10 µm. D. The control dataset was presented as a velocity histogram (purple columns). The same dataset was fit with a unimodal truncated Gaussian distribution function (tGDF; red curve) and with a bimodal distribution function (sum of two tGDFs; orange curve). Bimodal distribution provided a better fit as indicated by Akaike and Bayesian model selection criteria. The inset shows the tGDFs for slow (densely dashed line) and fast (sparsely dashed line) sub-populations, which constitute the bimodal distribution. The axis labels are the same as in the histogram. tGDFs for low and fast sub-populations are shown as densely and sparsely dashed lines, respectively. E. Mean axon velocities of the slow (dashed color) and fast (block color) sub-populations for increasing Netrin-1 concentrations, normalized by the mean velocity of corresponding control group. Note that the presence of two-subpopulations for 0.1 µg/ml treatment was not supported by model selection criteria (dashed column border).
smaller(fast) sub-population accelerated by 15% when treated with 0.5 µg/ml Netrin-1 and slowed down by approximately 12% when treated with Netrin-1 at concentrations 1.0 µg/ml and above. Additionally, our experimental approach allowed for the detection of partial adaptation to Netrin-1. Upon exposure to 1.0 μg/ml Netrin-1, axon velocity initially decreased to 78.4 ± 4.2% of the control velocity, then partially recovered and reached 90.4 ± 4.8% of the control velocity ( Fig. S2 ; also see Supplementary Results). To further determine if the axonal Netrin-1 response was specific to a sub-population, we imaged a set of axons before and during 1.0 µg/ml Netrin-1 treatment. Consistently, the bimodal model described the data better than unimodal model (Table S2 ). The slow sub-population experienced a more pronounced relative slowdown (64%) than the fast sub-population (35%), indicating that Netrin-1-driven slowdown depends on the initial elongation rate ( Fig. S3 ; also see Supplementary Results). These results cumulatively show that our approach based on velocity distribution analysis was necessary for detecting the two axon sub-populations and the subtle differences in their sensitivity to Netrin-1.
Our finding that two sub-populations exist within primary cortical neurons with different Netrin-1 responses can be interpreted in the light of previous work. Studies on Netrin-1 function typically report two contradictory axon responses within the same population, where one response is dominant. Usually, a group of non-responsive neurons is also present, further expanding the spectrum. This heterogeneity has been observed in growth cone turning, 22, 27 axon branching, 8 as well as in molecular measurements, such as [Ca 2+ ] i . 9 Very recently, cortical neurons have been shown to switch their turning behavior from attraction to repulsion with increasing Netrin-1 concentration. 33 In the nervous system, multiple neuronal subtypes are present within the same anatomical region, which are distinguished based on their phenotypes, morphologies and expression levels of proteins, including ion channels. Furthermore, the attribution of a neuron to a particular subtype can change throughout the development and may be modulated by external stimuli. For example, calcium signaling has been shown to control the differentiation of neurons into different subtypes. 47 These subtypes may have inherent differences in their response to guidance cues. Indeed, the effect of Netrin-1 on neurons has been repeatedly shown to depend on the origin and developmental age of neurons, i.e., spatio-temporal dependence. [48] [49] This suggests that the axonal response reflects the status of the neuron rather than being an intrinsic property of Netrin-1. 1, 50 The source of Ca 2+ influx and the basal cytosolic Ca 2+ level modulate the axonal response to Netrin-1. Ca 2+ plays multiple roles in the functioning of the nervous system and in axon guidance during development. By perturbing various elements of the neuronal Ca 2+ regulation system we sought to characterize the role of Ca 2+ in the axonal response to isolated Netrin-1 treatment. We chelated extracellular and intracellular Ca 2+ by adding EGTA to the treatment medium and by pre-treating neurons with BAPTA, respectively. By adding Ryanodine (Ry), we manipulated Ryanodine channels (RyRs) located on the ER membrane, which are known to play a role in the axonal response to Netrin-1. 11 Calcium perturbations induced substantial changes in axon velocities and neuron response to Netrin-1 ( Fig. 3 and S4, Table  S3 ; also see Supplementary Results). We first investigated the role of Ca 2+ influx from the extracellular space. Chelating extracellular Ca 2+ increased the mean velocity of the control axons. This is consistent with earlier reports showing that mammalian cortical neurons accelerate upon inhibition of Ca 2+ influx through blocking LVDCCs with nifedipine 51 and that Xenopus neurons accelerated significantly after reducing extracellular Ca 2+ concentration from 1.0 mM to 1.0 µM. 35 Axon turning has also been shown to require extracellular Ca 2+ . 35 Consistently, our results show that axons cotreated with EGTA and 1.0 µg/ml Netrin-1 no longer exhibited a significant slowdown, retaining average velocities at the levels of controls, which was significantly higher than axons treated with Netrin-1 only. These results suggest that axons require the influx of Ca 2+ from the extracellular space to be able to respond to Netrin-1.
We next investigated the role of Ca 2+ efflux from the ER in the Netrin-1 response. The mean velocity of control axons did not change when their RyRs were activated with 20 nM Ry (low Ry). However, activation of RyRs, i.e., a sustained Ca 2+ release from the intracellular stores, canceled the observed Netrin-1-induced slowdown (Fig. 3) . On the other hand, the mean velocity of the control axons decreased by 17.8% (no statistical significance) when RyRs were activated and the extracellular Ca 2+ was chelated simultaneously. Under these conditions, Netrin-1 did not cause any further reduction in the axon velocity. Activation and inhibition of RyRs have been shown in the literature to accompany Netrin-1 induced attractive and repulsive turning, respectively. 11, 18 In our hands, activation of RyRs did not accelerate axons in response to Netrin-1, but abolished the Netrin-1-induced slowdown. The inhibition of RyRs, however, did not alter the effect of Netrin-1 (Fig. S4A , Table S3 ; also see Supplementary Results). Cumulatively, these results suggest that Netrin-1-induced axon slowdown is mediated by complex [Ca 2+ ] i dynamics involving Ca 2+ release from the ER and influx from the extracellular space.
Analyzing axon velocity distributions deemed to be advantageous over comparing mean axon velocities: treatments that did not affect mean axon velocities appeared to have pronounced effects on velocity distributions, as shown in velocity histograms ( Fig. S4 and  S5 ) and according to the K-S test (Table S3 ; also see Supplementary Results). However, there was not sufficient statistical evidence to identify neuron sub-populations in the Ca 2+ perturbation datasets (Table S4 ; also see Supplementary Results).
Netrin-1 treatment modulates the total available pools of its receptors DCC and UNC5. To determine the relative changes in the total and membranous UNC5 and DCC receptor levels upon Netrin-1 stimulation, we conducted immunocytochemistry. Membrane permeabilization enabled the quantification of the total levels of receptors, whereas using an antibody that targets the extracellular epitope of the DCC without permeabilizing the membrane enabled the quantification of DCC present on the plasma membrane. Both UNC5 and DCC were detected in the entire neuron, including the cell body ( Fig. 4A and 4B) ; consistent with earlier work using cortical neurons. [36] [37] [52] [53] The presence of receptors in all subcellular regions is in agreement with the notion that neurons may be sensing differences in Netrin-1 concentration along their entire lengths to modulate their elongation rates, and across their growth cones to modulate turning responses. Signal intensities were measured at three axonal regions of interest (ROIs): axon shafts, growth cones and filopodia (Fig. 4C ), for over 1000 neurons. Results from separate experiments showed that at 90 min time point, Netrin-1 increased the total levels of DCC by 1.2× and 1.3× in growth cones and filopodia, respectively, but it did not affect the DCC levels in axon shafts ( Fig. 4D and 4E) . In contrast, Netrin-1 induced a 1.2× increase in the total UNC5 levels in the axon shaft (no statistical significance), but it did not affect the UNC5 levels in the growth cones or in filopodia ( Fig. 4F and 4G) .
Our results show that Netrin-1 affects the size of the available receptor pools, and that these changes depend highly on the subcellular region, such as axon shafts or filopodia. While the underlying causes of this heterogeneous response remain elusive, these results suggest that axonal guidance mechanisms downstream of Netrin-1 stimulation involves the spatio-temporal dynamics of Netrin-1 receptors.
Netrin-1 and Ryanodine regulate the membrane presence of

DCC.
Dynamic changes in the levels of membranous DCC were investigated by incubating axons with 1.0 µg/ml Netrin-1 for different time periods: 1, 5, 25, and 90 min. The control group underwent a 90 min-long incubation with medium lacking Netrin-1.
In the growth cones, Netrin-1 induced a rapid insertion of DCC to the membranes, consistent with the previous reports, 36 where the background-subtracted DCC staining intensity rose to 1.4× of its initial value after 5 min of treatment. At 25 min, the signal reached 1.7× and then gradually decreased, eventually reaching 1.3× at 90 min time point. In the filopodia, membranous DCC signal intensity initially decreased (0.8× of the control value at 1 min) before rising to 1.4× at 5 min and reaching a peak of 1.9× at 25 min. At 90 min the signal intensity in filopodia was 1.4× of its initial value. In the axon shafts, the initial decrease of membranous DCC signal lasted longer. The signal decreased to 0.8× at 1 min, partially recovered (0.9×) at 5 min and surpassed the initial value (1.2×) at 25 min time point. At 90 min DCC intensity in the axon shafts was 0.9× of its affects the membrane presence of DCC in a dynamic fashion. A rapid and subtle decrease (axon shafts and filopodia only) may be accounted for a localized adaptation response. 54 The subsequent pronounced increase shared by all three ROIs is in agreement with the notion that Netrin-1 recruits DCC and stabilizes it on the membrane. 36 The internalization of the DCC-Netrin-1 complex was initially suppressed, but eventually recovered, resulting in a progressive decrease in the membranous DCC. Our data show that the temporal dynamics of DCC recruitment upon Netrin-1 treatment correlate with the partial recovery of the axon elongation rate during Netrin-1 treatment ( Fig. S2 ; also see Supplementary Results). Membranous DCC levels have been shown to affect the sensitivity of neurons to Netrin-1, [53] [54] where a high DCC level has been linked to enhanced axon outgrowth from explants in response to Netrin-1. 37 Our experiments performed with older neurons suggest an opposite mechanism: the membrane insertion of DCC intensified the neuron retardation, and the subsequent internalization of DCC resulted in a recovery of the axon velocity. Interestingly, DCC has recently been shown to be involved in axon slowdown due to another guidance molecule, Draxin. 55 DCC may be involved in the regulation of the magnitude but not the character, i.e., acceleration or slowdown, of the Netrin-1 response. We next determined if Netrin-1-induced insertion of DCC into growth cones and filopodia membranes was regulated by intracellular Ca 2+ dynamics, similar to the effects of Netrin-1 on axon elongation. Neurons treated with low Ry to induce sustained Ca 2+ efflux from the ER exhibited an increase in the membranous DCC staining at 90 min time point in growth cones and filopodia. The increase in the membranous DCC in growth cones induced by low Ry exceeded the increase induced by Netrin-1. When low Rytreated axons were co-treated with Netrin-1 no further increase in the membranous DCC was observed in growth cones and in filopodia. These findings show that both intracellular Ca 2+ release and Netrin-1 stimulation are sufficient to induce DCC membrane insertion; however, it is not clear whether Netrin-1 regulates DCC insertion directly or through inducing Ca 2+ release via RyRs. Furthermore, although the activation of RyRs induced DCC membrane insertion, it did not affect axon elongation rate. This suggests that the secondary mechanisms downstream of DCC, Ca 2+ efflux from ER stores in particular, cannot accelerate or decelerate axons directly, but may be regulating the magnitude of Netrin-1induced axon acceleration or deceleration through modulating the membrane presence of Netrin-1 receptors. The temporal dynamics of the membranous DCC staining revealed regional differences: in growth cones DCC increase was evident as early as 5 min into Netrin-1 treatment, whereas in axon shafts and filopodia, the increase was observed at 25 min time point. These sub-cellular differences were also evident when nonnormalized growth cone:filopodium signal ratios in individual axons were considered (Fig. 5C, S7 and Table S7 ). At 1 min after Netrin-1 treatment, this ratio was 1.2× higher than the control value (no statistical significance) and logarithmically decreased to 0.7× of the control value at 90 min. These results suggest that Netrin-1 induces a spatially coordinated DCC trafficking response in growth cone membranes.
This subcellular, regional heterogeneity in axonal response to Netrin-1 is consistent with a previous report. In Xenopus neurons, Netrin-1 gradient has been shown to induce different signaling mechanisms in growth cone centers and in filopodia. 24 According to a model proposed by Nicol and colleagues, 24 Netrin-1 induces a short-term elevation in cAMP levels in filopodia, which causes a brief increase in the frequency of Ca 2+ transients. In contrast, in the growth cone center, Netrin-1 induces a sustained increase in the frequency of Ca 2+ transients, which causes a transient increase in the cAMP levels. Interestingly, both events have been shown to depend on the availability of DCC receptors. 24 While Ca 2+ transients and cAMP dynamics are outside the scope of this paper, taking into account that Ca 2+ and cAMP modulate membrane trafficking of Netrin-1 receptors, 14 we speculate that the differential effects of Netrin-1 on DCC membrane trafficking in different growth cone regions may be due to the differences in second messenger dynamics.
Furthermore, artificial elevation of cAMP level in different growth cone compartments had different effects on axon elongation and did not diminish the variation in the axon velocities within the same neuron population. 24 Our data, together with these observations, suggest that highly compartmentalized and dynamic changes in receptor membrane presence and second messenger activity may be regulating the axon elongation behavior, e.g., in response to guidance cues. Further experiments are required to identify the causal relation between receptor membrane cycling, localized second messenger activity and neuron growth behavior.
Distribution analysis suggests two distinct sub-populations with different spatio-temporal DCC dynamics and Netrin-1 sensitivities. To gain more insight into DCC temporal dynamics, the datasets were subjected to distribution analysis. We assessed if there were neuron sub-populations that exhibit different DCC membrane recruitment dynamics in response to Netrin-1treatment ( Fig. 6 ). Histograms were generated for each time point and for each subcellular region (Fig. 6A, 6B , S6) and model selection criteria (Table S5 ) were used to determine the better fit between the unimodal (single GDF) and bimodal (a sum of two GDFs) Gaussian mixture models. In untreated controls, two distinct sub-populations were detected based on DCC immunostaining. 46.7% and 47.4% of axons with lower DCC staining in the central parts of the growth cones and in filopodia, respectively, were assigned to subpopulation 1. Axons with higher staining were assigned to subpopulation 2. Fitting normalized DCC signal intensities in filopodia and growth cones belonging to the same axon with a twodimensional bimodal Gaussian distribution (Fig. 6C, Table S7 ) confirmed the size fraction of low DCC sub-population as 47%. In growth cones, the sub-populations differed only by their initial DCC levels and exhibited the same response to Netrin-1 (Fig. 6D) . In filopodia, the sub-populations differed in their DCC membrane insertion and subsequent internalization dynamics. Sub-population 2 exhibited a more pronounced increase in the membranous DCC signal in response to Netrin-1 (Fig. 6E) .
We next investigated if there was a correlation between the membranous DCC staining and the axon elongation rate, by fixing and staining neurons at the end of an elongation experiment under control conditions. The microfluidic device greatly facilitated the matching of individual axons in the live-cell experiments with those in immunofluorescence images. No correlation was detected when axon velocities and growth cone DCC staining intensities were plotted against each other for individual axons (Fig. S8 ) in control conditions, suggesting that the sub-populations based on axon velocity and based on membranous DCC are not related despite their similar size.
Summary and Conclusions
Netrin-1 is a bi-functional neuronal guidance cue and growth factor that plays an important role during embryonic development and during the regeneration of adult neurons. Research has been focused on the molecular mechanisms that regulate growth cone turning towards Netrin-1; however, the role of Netrin-1 in regulating the elongation rate of axons is not well understood. By exploiting the microfluidic isolation of axons from their somata, we characterized the elongation behavior and receptor membrane trafficking in a large number of axons that were locally exposed to Netrin-1 and treated with drugs that modulate intracellular Ca 2+ dynamics. Changes in the axon elongation behavior in a neuron sub-population were only detected through distribution analysis, which requires a large sample size. We show that the Netrin-1induced axon slowdown is mediated by complex Ca 2+ dynamics and involves Ca 2+ efflux from the ER via the Ryanodine channels. In parallel, we describe the dynamics of DCC, a Netrin-1 receptor, which was rapidly employed to cell membranes upon Netrin-1 stimulation. Interestingly, DCC membrane presence was also increased when the Ryanodine channels were activated pharmacologically, suggesting that second messengers are orchestrating the Netrin-1 response in developing axons (Fig. 7) . Furthermore, Netrin-1 affects DCC dynamics differently at different subcellular locations, such as the central regions of the growth cones and filopodia, which is in agreement with other studies describing the spatio-temporal dynamics of second messenger activity. Taken together, these results link Netrin-1 and its receptors to second messengers; however, further studies are needed to fully characterize how axon elongation is orchestrated upon Netrin-1 stimulation. Among many open questions in Netrin-1 signaling, two, in particular, may benefit from microfluidic neuron culture: (i) Are there different mechanisms in the axonal response to Netrin-1 concentration gradients vs. uniform Netrin-1 concentrations? (ii) Does soma-axon communication coordinate axonal Netrin-1 response? The former question can be addressed with different microfluidic designs involving concentration gradients that are parallel 56 or orthogonal 33 to the direction of initial axonal growth. The latter question can be addressed by using the circuit design presented in this study by treating fluidically-isolated somata and subsequently observing axon behavior.
Methods
Microfluidic cell culture and treatments. Masters of twocompartmental microfluidic devices were fabricated through photolithography as previously described. 56 Polydimethylosiloxane (PDMS) pads were replica molded and bonded to glass coverslips using O 2 plasma. Devices were UV sterilized, coated with poly-Llysine overnight and rinsed with phosphate buffered saline (PBS). Mouse cortical neurons were obtained from embryonic day 14 CD-1 outbred mouse and dissociated according to established protocols. 56 Neurons were seeded in the somatic chamber at a density of approximately 8×10 5 cells/cm 2 and maintained in a tissue culture incubator (5% CO 2 , 37°C) in DMEM-Glutamax medium containing 10% fetal bovine serum, Pen/Strep, and B 27 neuron supplement (all from Gibco, Dun Laoghaire, Ireland). At 3 DIV, the medium was replaced with Neurobasal medium (Gibco) containing Pen/Strep and B 27 . See Supporting Methods for details. Experiments were conducted at 5-7 DIV after the growth cones have reached the middle of the axonal chamber. Axons were treated with Netrin-1 (R&D Systems, Abingdon, UK). Extracellular Ca 2+ was chelated with 2 mM ethyleneglycoltetraacetic acid (EGTA; Sigma, Wicklow, Ireland). Ca 2+ release from the internal stores was induced with 20 nM ryanodine (Ry; Calbiochem, Carrigtwohill, Ireland). Ry treatment included a 40 min long incubation prior the experiment.
Live cell imaging. Live cell imaging was performed at 5-6 DIV. Media in both compartments were replaced with Neurobasal medium with Pen/Strep and B 27 , buffered with 25 mM HEPES (Sigma) and containing Netrin-1 or vehicle (H 2 O). Isolated treatment of axons with Netrin-1 was achieved by adding 5 µl less medium to the axonal compartment compared to the somatic compartment. Up to 9 circuits were placed in a Petri dish 10 cm in diameter. The coverslips were stabilized on the Petri dish using Tack-it adhesive. 1 ml solution of 0.1% ethylenediaminetetraacetic acid (EDTA, Sigma) in DI water was added to the Petri dish to minimize evaporation of the medium during live imaging. 5-6 positions were chosen to image as many single, non-overlapping growth cones as possible. Axons were imaged from 25±5 min to 95±5 min following the treatment. The long experiment consisted of 1.5 h long imaging of neurons in the control conditions, replacement of medium in the wells either with the treatment medium or with control medium and 1.5 h long second imaging period. The analysis of axon velocity in the second imaging period was based on the images obtained from 110 to 180 min. The Petri dish containing the devices was placed under an inverted microscope equipped with a motorized stage (Zeiss, Cambridge, UK), an EMCCD camera (Hamamatsu, Hertfordshire, UK) and an environmental chamber (Life Imaging Services, Basel, Switzerland), which maintained the temperature at 37°C. Phase Fig. 7 . Putative mechanisms for axonal response to uniform concentration of Netrin-1 (Net-1) and its regulation by Ca 2+ signaling. In axons, intracellular Ca 2+ concentration ([Ca 2+ ]i) is tightly regulated despite high concentrations in the extracellular space and in internal stores, primarily the endoplasmic reticulum (ER). Netrin-1 induces Ca 2+ efflux to the cytosol. Basal level of [Ca 2+ ]i, and the Ca2 + influxes modulate axonal response to Netrin-1. Extracellular and intracellular Ca 2+ is chelated with EGTA and BAPTA, respectively. Efflux from the ER is modulated by either inhibiting or activating the Ryanodine channel (RyR) with high or low concentrations of Ryanodine (Ry), respectively. Two neuron sub-populations were identified based on their elongation behavior in control conditions. The relative sizes of slow and fast sub-populations are represented by short and long axons, respectively. Although the Ca 2+ dependency is too complex to depict here, the overall effect of Netrin-1 is a reduction in the average axon elongation rate, which is more pronounced in the slow subpopulation. Netrin-1 receptor DCC cycles between the cytosolic pool and the plasma membrane. Two axon sub-populations were identified based on the staining intensity of the membranous DCC in control conditions. The relative sizes of sub-populations with high and low DCC are represented by their shade of yellow. Both Netrin-1 and Low Ry treatments stimulated the recruitment of DCC to the plasma membrane, yet with different dynamics in the high and low DCC sub-populations. Dotted lines represent indirect effects.
contrast images were taken every 10 min with a 40× 0.6 NA objective. Quantification of axon elongation and distribution analysis. Axon elongation was analyzed in terms of velocity vector, i.e., the position vector between the initial and final positions of the growth cone divided by time. The data for each condition was collected from at least five independent experiments, for which the cells were obtained from at least two separate dissections. NIH ImageJ software (National Institutes of Health, Bethesda, MD) and MtrackJ plug-in was used to track the movement of growth cones. 57 The velocities of individual axons were normalized with the average axon velocity in the control cultures from the same dissection. Normalized velocity values of individual axons in control cultures were presented in a velocity histogram. The optimal bin size for the histogram was determined by using a cost function following the method by Shimazaki and Shinomoto. 58 The optimal bin size was different for each data set, altering the area under the histograms. To be able to directly compare the histograms obtained from different datasets with each other, the frequency values were multiplied with a bin size correction factor such that the areas under the histograms were equal to that of the control dataset. This bin size correction factor was defined as the bin size of the control data set divided by the bin size of the treatment data set. The datasets were fit with a unimodal truncated Gaussian distribution function or a bimodal truncated Gaussian distribution function using distribution fitting application in Matlab (MathWorks, Natick, MA) with custom defined distribution functions (see SI for the equations). Additionally, we imposed an overlap constraint for the fits with bimodal distribution such that the overlap between the two components was less than 50% of either component. The size fraction of the slow sub-population in the control and 1.0 µg/ml Netrin-1 treatment datasets (0.58 and 0.61, respectively) was used as a guideline for fitting the remaining Netrin-1 datasets. The size fractions for the 0.1 µg/ml, 0.5 µg/ml and 2.5 µg/ml datasets were therefore constrained in the 0.57-0.62 range. This alteration did not significantly affect the likelihood of the fit or the model selection criteria. Likelihood values returned by the distribution fitting application were used to calculate Akaike Information Criterion (AIC c ) 43 and Bayesian Information Criterion (BIC). 44 The relative likelihood of the bimodal or the unimodal distribution being a better model was expressed in a 0-1 scale using AIC c and BIC model weights, [45] [46] w(AIC c ) and w(BIC), respectively (see SI for the definitions of these metrics). 0.85 was considered to be a sufficient weight to reject the alternative model. Once the fit parameters were determined, Matlab-generated sets of random numbers were generated to calculate mean velocities and standard deviations for each sub-population. The datasets were generated such that the number of positive events was equal to 10,000. Only positive values were used to find the mean velocity of the subpopulation. The large number of events minimized the variation due to random number generation (SEM < 0.5% for 5 sets of random numbers). The SEM values of the sub-population velocities were calculated from the obtained standard deviation and the estimated number of axons for each sub-population (number of axons multiplied by the size fraction). For the experiment where the velocities of individual axons were compared before and after Netrin-1 treatment, the data was fit with the two-dimensional unimodal Gaussian distribution and the two-dimensional bimodal Gaussian mixture distribution, i.e., non-truncated forms, and the Akaike-and Bayes-derived criteria were calculated accordingly.
Immunocytochemistry. Cells were fixed on 5-7 DIV through incubation with 0.5% Gluteraldehyde (Sigma) for 15 min at room temperature (RT) and subsequent rinsing with PBS. Immunocytochemistry in the microfluidic devices followed similar protocols as for the cultures on glass slides. 59 The solutions were introduced to only one well of each compartment, which guaranteed pressure-driven flow through the compartments. Cells were treated for 30 min with a blocking buffer composed of 1% bovine serum albumin (BSA; Sigma) in PBS. To determine cytosolic levels of DCC and UNC5 and to stain tubulin cells were treated with the blocking buffer containing 0.5% Triton X-100 (Sigma). Blocking buffer without Triton X-100 was used to study DCC presence on the cell membrane. Cells were incubated with 1:100 mouse anti-DCC (Calbiochem), 1:100 rabbit anti-UNC5H2 (Santa Cruz Biotechnology, Heidelberg, Germany), or 1:300 mouse anti-βIII-tubulin (Promega, Kilkenny, Ireland) antibodies diluted in blocking buffer for 1 h at RT. Subsequently, cells were washed twice with PBS and incubated with the following secondary antibodies diluted in blocking buffer for 1 h at RT: Alexa488 goat anti-mouse (1:300; Invitrogen); Alexa555 goat anti-rabbit (1:100; Invitrogen). To stain F-actin cells were treated with Alexa568 Phalloidin (1:200; Invitrogen) or Alexa488 Phalloidin (1:150; Invitrogen). Finally, cells were washed with PBS, counterstained with Hoechst (33342, Invitrogen) for 15 min at RT, washed with PBS and DI water, and mounted in Moviol (Sigma). For the experiment investigating the correlation between axon elongation rate and membranous DCC staining, the neurons were fixed immediately after periodic imaging of elongating axons.
Quantification of receptor levels and distribution analysis. To quantify the change in receptor levels upon Netrin-1 treatment, control and experimental cultures were prepared under identical conditions in separate circuits bonded on the same coverslip. Imaging was performed using an inverted, epi-fluorescent microscope (Olympus, Southend-on-Sea, UK) equipped with a CCD camera (Hamamatsu). Somatic and axonal compartments were imaged in DAPI, FITC and TRITC channels. ROIs were selected based on Phalloidin staining. Approximately 100 ROIs were selected from 3 independent cell cultures for each condition. Mean pixel intensity for each ROI was measured in each channel using ImageJ software. Background signal intensity defined as the intensity of the cell-free area neighboring the ROI was subtracted from the signal intensity of ROI in both channels. The signal intensity of the receptor in the cytosolic pool (acquired through membrane permeabilization) was normalized with the Phalloidin signal intensity obtained from the same ROI, The staining intensity of the membranous receptor was normalized only with the membranous receptor signal intensity of the control group. Statistical analysis of membranous DCC signal intensity distribution was similar to the analysis of the velocity distribution. Staining intensity histograms were plotted and the data sets were fit with unimodal Gaussian distribution and bimodal Gaussian mixture distribution models. Model selection criteria were used to pick the best fitting model. Similar to elongation data, a maximum of 50% overlap between the two components were considered in fitting bimodal distributions. The size fractions of the low DCC subpopulation in the control group based on growth cone and filopodia signals (0.467 and 0.474, respectively) were used as a guideline for fitting the remaining datasets. The size fraction was constrained in a range of 0.42-0.52. Mean signal intensities, standard deviations and SEM values for each sub-population were calculated from the fit parameters. Statistical analysis. The data for each condition was tested for normality using Lilliefors test. If one or more data sets was not normally distributed, the non-parametric Kruskal-Wallis test was used for variance analysis, followed by Kolmogorov-Smirnov test for comparing individual treatment groups. For the latter one, Dunn-Sidak p-value correction was used to account for multiple comparisons. Significance level was 0.05, unless stated otherwise. In box-and-whisker plots, the central indent and the red mark represents median, the edges of the box present the 25th (q1) and 75th (q3) percentiles, respectively. The whiskers extend to the most extreme data points not considered outliers. Outliers are defined as numbers greater than q3 + 1.5·(q3 -q1) or less than q1 -1.5·(q3 -q1).
